Transmission of low-energetic electrons through two-dimensional materials leads to unique scattering resonances. These resonances contribute to photoemission from occupied bands where they appear as strongly dispersive features of suppressed photoelectron intensity. Using angle-resolved photoemission we have systematically studied scattering resonances in epitaxial graphene grown on the chemically differing substrates Ir(111), Bi/Ir, Ni(111) as well as in graphene/Ir(111) nanopatterned with a superlattice of uniform Ir quantum dots. While the strength of the chemical interaction with the substrate has almost no effect on the dispersion of the scattering resonances, their energy can be controlled by the magnitude of charge transfer from/to graphene. At the same time, a superlattice of small quantum dots deposited on graphene eliminates the resonances completely. We ascribe this effect to a nanodot-induced buckling of graphene and its local rehybridization from sp 2 to sp 3 towards a three-dimensional structure. Our results suggest nanopatterning as a prospective tool for tuning optoelectronic properties of two-dimensional materials with graphene-like structure.
Scattering resonances in the unoccupied band structure of two-dimensional (2D) materials is a unique phenomenon predicted theoretically several years ago. 1 In terms of band structure they resemble narrow band gaps dispersing in a wide range of electron energies, starting from nearly the vacuum level and propagating for several tens of electronvolts above. In the region of such resonances, 2D materials become nontransparent for incoming electrons as electron reflectivity can reach 100%. From a quantum-mechanical point of view these resonances are born by the coupling of in-plane and out-of plane motions of electrons in the 2D material, 1 which is permitted by the in-plane periodic potential of the crystal lattice. Scattering resonances have an essential impact on optoelectronic applications of 2D materials and especially of graphene.
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These resonances can be naturally described in terms of a time-reversed low-energy electron diffraction (LEED) process. Correspondingly, angle-resolved verylow-energy electron diffraction (VLEED) can be used 2 to probe them but with limited success. VLEED does not resolve band dispersions precisely but only boundaries of the surface-projected bands. 2 Certain improvements in the visualization of their dispersions were achieved for VLEED-based low-energy electron microscopy only recently. 3 An alternative method is electron holography allowing to directly observe angle-resolved scattering patterns of electrons emitted from a point source and trespassing graphene. 4 This method, however, works only for freestanding suspended graphene. Yet another and powerful technique is angle-resolved photoelectron spectroscopy (ARPES). Here graphene is prepared on a substrate and irradiated with photons, and the angular scattering of secondary electrons emitted from the substrate and passing through the graphene overlayer is acquired (principally, a similar variation of this method is angleresolved secondary-electron emission 5, 6 ). In spite of the fact that ARPES can only access the occupied band structure, the scattering resonances, hosted above Fermi level, can be observed using ARPES. This is due to the coupling between occupied and unoccupied bands in the final states of photoemission.
7 Furthermore, the kinetic energy of the graphene resonances is independent of the energy of the exciting photons.
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In the present Letter, we address the question of how scattering resonances of enhanced electron reflectivity from graphene can be tuned, modified or suppressed either by chemical interaction with the substrate or by enhancement of the lateral modulation of the graphene crystal potential by a superlattice of quantum dots. In particular, using ARPES, we study epitaxial graphene weakly bonded to Bi/Ir(111), moderately bonded to Ir(111) and strongly bonded to Ni(111), as well as graphene on Ir(111) nanopatterned with an array of uniform Ir dots. We demonstrate that the dispersions of the scattering resonances are robust toward the grade of interaction between graphene and the substrate, with the exception that their kinetic energies consistently follow the magnitude of charge transfer from/to graphene. Moreover, we reveal these resonances to be extremely sensitive to nanodots residing on graphene. The resonances disappear upon deposition of even very small Ir dots of ∼ 0.1 monolayer (ML) nominal thickness. This effect is explained by nanodot-induced rehybridization of the graphene structure. Figure 1 shows how the scattering resonances of graphene 1 occur in the ARPES spectra. The exemplary data was measured from weakly-bonded quasi-freestanding graphene on Bi (prepared as graphene/Ir(111) and subsequently intercalated with 1 ML Bi) using a photon energy of hν=80 eV. Figure 1 (a) displays energy-momentum dispersions measured along the ΓK direction of the graphene surface Brillouin zone (SBZ) and over a wide range of kinetic energies, ranging from 13 eV (secondary electrons) to 78 eV (just above Fermi level). Since visualizing the resonances in the raw data is difficult due to the high intensity of secondary electrons, here we show the derivative of the intensity dI dE . Various electronic states of graphene and the buried Ir substrate, mostly seen at high kinetic energies, are denoted with the labels Gr and Ir, respectively.
At lower kinetic energies (<50 eV), we observe broad bright peaks with crossing parabolic dispersions (denoted as FrE) which are free-electron bands of the vacuum continuum backfolded with the Brillouin zone periodicity.
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In addition, there are very sharp narrow features (denoted as ScR) with parabolic dispersions that cross at the Γ point of the SBZ and at a kinetic energy of ∼32 eV. These features are the graphene scattering resonances under discussion. To provide an impression on how they appear in the raw data, we refer to Fig. 1(g) . Here the resonances are seen as pronounced intensity dips due to the nontransparency of graphene to the photoelectrons. Along ΓM [data not shown] the resonances exhibit a split structure in full agreement with the theory. The overall band structure of the scattering resonances can be clearly understood from the ARPES maps. It is composed of six arcs which are the parts of six backfolded parabolas centered at the Γ points of the neighbouring Brillouin zones. Exactly the same construction holds for the free-electron bands FrE. Thus, the dispersion of ScR in k-space closely follows the one of FrE, in full agreement with the expected behavior of non-tight-binding bands predicted theoretically. and π states measured near the Γ of the SBZ at hν=62 eV and hν=35 eV, respectively. While at 62 eV both σ and π bands look undistorted, at 35 eV they overlap with the scattering resonances ScR (the kinetic energy of which does not depend on photon energy), and become severely modified by acquiring artificial band gaps. Markedly, the scattering resonances suppress not only the secondary electrons from the Bi/Ir substrate trespassing graphene, but also the signal from σ and π bands which are emitted from graphene itself.
To investigate whether the scattering resonances can be manipulated, we have tested their behavior in graphene grown on various substrates with contrasting The Dirac cone in graphene/Bi [ Fig. 2(a) ] appears almost intact with a very minor band gap and rather small charge doping (∼390 meV). Also, no electronic hybridization between graphene and the Bi layer forms, 9 which means that graphene is quasifreestanding and nearly undisturbed by the Bi. In graphene/Ir(111) [ Fig. 2(b) ], the Dirac cone exhibits a band gap at the Dirac point close to the Fermi level, as well as renowned band replicas and minigaps (red arrows), which are born from umklapp scattering due to the moiré superpotential.
12 Considering the weak electronic hybridization between graphene and Ir 4d bands, 13 the graphene-substrate interaction is judged in this case as of moderate grade. In contrast, as shown in Fig. 2(c) , the Dirac cone in graphene/Ni(111) 14 is severely modified by the covalent interaction with the substrate 15 and by the strong hybridization with the Ni 3d bands.
14 This is an example of strongly bonded graphene.
Surprisingly, the graphene scattering resonances ScR observed for all three systems are robust against the chemical interaction between graphene and its substrate. Their appearance in graphene/Bi, graphene/Ir(111) and graphene/Ni(111) is evidenced by the ARPES data shown in Figs. 2(d) , 2(e) and 2(f), respectively. In Fig.  2(g) , we represent the dispersions of the scattering res- onances and free-electron bands FrE) as extracted precisely from the ARPES data shown in Figs. 2(d)-2(f) . Apart from the clear energy shifts, also seen directly in Figs. 2(d)-2(f) , the energy-momentum dispersion of the graphene resonances is identical in the three systems. The magnitude of these energy shifts was evaluated carefully by using the 4d core levels of very small amounts of Te adatoms as additional reference for the energy calibration (denoted as REF). In Fig. 2(h) , we show the energy positions of ScR relative to their crossing energy E ScR for Bi, Ir and Ni substrates. The values correlate very well with the amount of charge transfer from/to graphene, as determined from Figs. 2(a)-2(c) by the energy position of the original Dirac points (E D ), which is also plotted in Fig. 2(h) . The somewhat larger discrepancy for the Ni substrate can be explained by an enhanced contribution of the covalent graphene-Ni bonding to the shift and the concomitant scaling of the band structure. 15 One should also consider that the Brillioun zone of graphene/Ni, as compared to the one of graphene/Ir, is a bit smaller due to the slightly enlarged lattice constant. 16 This has an impact on the backfolding of scattering resonances and additionally reduces E ScR by up to ∼ 1 eV.
According to Ref. 1, the impact of the scattering resonances on the band structure can be enhanced in corrugated or strained graphene because the strength of the in-plane potential modulation influences the quantum mechanical coupling of in-plane and out-of-plane motions of electrons, giving rise to the ScR resonances. In graphene/Ir(111) there is a renowned moiré pattern with a lateral periodicity of ∼25Å which occurs due to ∼10% lattice mismatch between graphene and Ir. 12, 13 Its STM image is shown in Fig. 3(a) . This moiré pattern supports self-assembly of room-temperature-stable Ir quantum dots. The dots arrange in moiré cells, and their sizes are proportional to the concentration of deposited Ir. They locally pin graphene to Ir(111) and strongly enhance its structural corrugation 17 which, in turn, increases the superpotential modulation.
Therefore, we have tested scattering resonances ScR in graphene/Ir(111) with a moiré superpotential enhanced by quantum dots. Figure 3 We obtain E m ∼180 meV for the bare sample, ∼320 meV for 0.1 ML Ir and ∼420 meV for 0.2 ML Ir. Furthermore, the band gap at Dirac point E g becomes wider due to the local breaking of the sublattice symmetry in graphene induced by the dots.
10
Remarkably, the graphene scattering resonances ScR disappear almost completely upon deposition of even small quantum dots. This is seen in Figs. 3(f) In summary, we have studied scattering electron resonances occurring in the unoccupied band structure of graphene using ARPES. By testing epitaxial graphene on various metallic substrates (Bi, Ir, Ni) we have shown that the energy of these resonances can be controlled by the magnitude of charge transfer from/to graphene but their dispersions are robust against the strength of the graphene-substrate interaction. We have also shown that the scattering resonances can be suppressed completely upon decoration of moiré patterned graphene/Ir(111) with small Ir quantum dots. This was ascribed to a rehybridization of graphene towards sp 3 induced by the Ir dots, which lifts the quantum mechanical conditions for the formation of the scattering resonances. Considering that in general case, graphene locally decorated with small quantum dots remains transparent and preserves its fundamental band structure, the nanopatterning evolves into a promising method for tuning optoelectronic properties of graphene.
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